INTRODUCTION
The correct positioning of neurons is crucial for the establishment of neuronal circuitry and hence normal brain function (Ayala et al., 2007; Marín and Rubenstein, 2003) . Defective migration and positioning of neurons is thought to form the cellular basis of inherited mental retardation and epilepsy syndromes (Gleeson, 2001; McManus and Golden, 2005; Schwartzkroin and Walsh, 2000; Sisodiya, 2004) . Therefore, elucidation of the mechanisms governing neuronal migration and positioning will advance our understanding of both brain development and disease.
Regulation of the cytoskeleton plays a key role in the control of neuronal migration and positioning in the brain. The microtubuleassociated protein doublecortin (DCX) has been implicated as a critical player in neuronal migration and morphology (des Portes et al., 1998; Gleeson et al., 1998) . Mutations of DCX cause X-linked lissencephaly in males and the milder phenotype subcortical band heterotopia, also known as double cortex, in females. Inhibition of DCX function impairs neuronal migration and concomitantly stimulates branching of processes in neurons (Bai et al., 2003; Bielas et al., 2007; Kappeler et al., 2006; Koizumi et al., 2006) . Notably, the association of impaired neuronal migration and increased neuronal branching has been observed upon inhibition of other migration genes (Guerrier et al., 2009; Heng et al., 2008; Nagano et al., 2004) . These observations raise the question of whether cell-intrinsic transcriptional mechanisms might coordinately regulate neuronal migration and branching in neurons.
Granule neurons of the rodent cerebellar cortex provide a robust model system for studies of neuronal development in the brain (Ramon y Cajal, 1911) . Granule neurons are generated in the external granule layer (EGL) of the cerebellar cortex. As the postmitotic granule neurons extend parallel fiber axons, their somas migrate radially in the molecular layer (Hatten, 1999) . Upon arrival in the internal granule layer (IGL), granule neurons migrate farther to adopt their final position in a temporally defined manner, with older neurons residing deeper inside the IGL and younger neurons taking up residence in more superficial positions within the IGL (Altman and Bayer, 1997; Komuro and Rakic, 1998) . However, the mechanisms that control granule neuron positioning within the IGL have remained unexplored.
The transcriptional regulator SnoN plays a critical role in axon morphogenesis including the development of parallel fibers in the cerebellar cortex (Stegmü ller et al., 2006 (Stegmü ller et al., , 2008 . Outside the nervous system, SnoN operates as a versatile transcriptional modulator that can either repress or activate transcription and thereby promotes or suppresses tumorigenesis (Luo, 2004; Pot and Bonni, 2008) . As a transcriptional corepressor in proliferating cells, SnoN forms a complex with the transcription factor Smad2 and thereby inhibits Smad-dependent transcription (He et al., 2003; Stroschein et al., 1999) . Intriguingly, SnoN's transcriptional activating function mediates its ability to promote the growth of axons in neurons ). These observations raise the question of whether SnoN's transcriptionally repressive functions might regulate other features of neuronal development besides axon growth. Importantly, SnoN is found in two isoforms, SnoN1 and SnoN2, which are generated from alternative splicing of the Sno gene (Pelzer et al., 1996) . However, the isoform-specific functions of SnoN1 and SnoN2 have remained unknown.
In this study, we identify unique functions for SnoN1 and SnoN2 in the control of neuronal branching and positioning. SnoN2 knockdown induces axon branching in primary granule neurons and inhibits their migration in the cerebellar cortex in vivo. In contrast, SnoN1 knockdown suppresses SnoN2 knockdown-induced branching in primary neurons and induces migration of granule neurons to the deepest regions within the IGL in vivo. We also uncover a mechanism that underlies SnoN isoform-specific regulation of neuronal branching and migration. SnoN1 forms a complex with the transcription factor FOXO1 that represses DCX transcription in neurons. Accordingly, FOXO knockdown phenocopies the SnoN1 knockdown-migration phenotype in the cerebellar cortex in vivo. In addition, DCX RNAi overrides the ability of SnoN1 RNAi to stimulate migration to the deepest regions of the IGL. Collectively, our data define the SnoN1-FOXO1 transcriptional repressor complex as a cellintrinsic transcriptional mechanism that controls neuronal branching and positioning in the mammalian brain.
RESULTS

Isoform-Specific Functions of SnoN1 and SnoN2 in Axon Branching
SnoN1 and SnoN2 are the products of alternative splicing of the Sno gene. SnoN2 is generated by the use of a different 5 0 splice site within exon 3, which results in a 46 amino acid deletion ( Figure 1A ) (Pearson-White and Crittenden, 1997; Pelzer et al., 1996) . Both SnoN1 and SnoN2 are highly expressed in primary granule neurons and in the rat cerebellar cortex (Stegmü ller et al., 2006) . To characterize the isoform-specific functions of SnoN1 and SnoN2 in neurons, we employed a plasmid-based RNAi approach to induce acute knockdown of SnoN1 or SnoN2 specifically. Expression of short hairpin RNAs (shRNAs) targeting SnoN1 and SnoN2 robustly and specifically reduced the levels of endogenous SnoN1 and SnoN2 protein, respectively, in primary granule neurons ( Figure 1B ). We also confirmed that shRNAs targeting a region in both SnoN1 and SnoN2 (panSnoN shRNA) reduced both SnoN1 and SnoN2 protein in primary granule neurons ( Figure 1B ).
SnoN2 knockdown unexpectedly led to a striking branching phenotype in granule neurons characterized by numerous protrusions emanating from the axon shaft ( Figure 1C and Figure S1A , available online). In time course analyses, the percentage of cells with exuberant axon branching increased over time ( Figure 1D ). Quantification of the number of axon branches per neuron revealed that SnoN2 knockdown increased the number of both secondary and tertiary axon branches (Figure 1E) . By contrast to the robust axon-branching phenotype in SnoN2 knockdown neurons, SnoN1 knockdown failed to increase axon branching ( Figures 1C-1E and Figure S1A ). Interestingly, neither SnoN1 RNAi nor SnoN2 RNAi reduced axon length ( Figure S1B ). Because pan-SnoN RNAi reduces axon length in granule neurons (Stegmü ller et al., 2006) , these results suggest that SnoN1 and SnoN2 have redundant functions in axon growth. In agreement with this conclusion, the combination of SnoN1 RNAi and SnoN2 RNAi reduced axon length, thus phenocopying the effect of pan-SnoN RNAi on axon growth (Figure 1J and Figures S1C and S1D) (Stegmü ller et al., 2006) . In addition, although pan-SnoN RNAi induced robust downregulation of the axon growth-promoting signaling molecule Ccd1, a transcriptional target of SnoN , SnoN1 RNAi or SnoN2 RNAi alone failed to reduce Ccd1 mRNA levels in neurons ( Figure S1E ). In other experiments, SnoN1 RNAi and SnoN2 RNAi had little or no effect on neuron survival suggesting that the morphological phenotypes were not due to impaired cell health ( Figure S1F ). SnoN1 RNAi and SnoN2 RNAi failed to alter the expression of the granule neuron marker MEF2A (data not shown) suggesting that the morphology phenotypes were not secondary to a change in the general differentiation state of granule neurons. Taken together, these results suggest that SnoN2 RNAi specifically impairs the restriction of axon branching in neurons.
To determine whether the SnoN2 RNAi-induced effect on neuronal morphology is the result of specific knockdown of SnoN2, we performed a rescue experiment. We generated an expression plasmid encoding SnoN2 by using a cDNA containing silent mutations. SnoN2 RNAi induced knockdown of SnoN2 encoded by wild-type cDNA (SnoN2-WT) but not the RNAi-resistant cDNA (SnoN2-RES) ( Figure 1F ). Importantly, expression of SnoN2-RES but not SnoN2-WT in the background of SnoN2 RNAi in granule neurons restored axon branching to levels similar to that of control-transfected neurons (Figures 1G and 1H) . Expression of SnoN2 in the absence of SnoN2 RNAi in granule neurons had little or no effect on axon branching (data not shown). These results support the conclusion that the SnoN2 RNAi-induced axon-branching phenotype is the result of specific knockdown of SnoN2.
Because exuberant branching is not observed in neurons expressing pan-SnoN shRNAs (Stegmü ller et al., 2006) , we asked whether SnoN1 and SnoN2 might harbor antagonistic functions, such that SnoN2 knockdown unmasks a function of SnoN1 in promoting axon branching. To test this possibility, we assessed the ability of SnoN1 RNAi to reverse the SnoN2 RNAi-induced branching phenotype in neurons. Simultaneous expression of SnoN1 shRNAs and SnoN2 shRNAs induced knockdown of both SnoN1 and SnoN2 isoforms in neurons ( Figure 1I ). SnoN1 knockdown in the background of SnoN2 RNAi restored both the percentage of branched neurons and the number of axon branches per neuron to baseline levels (C) Granule neurons transfected with the SnoN1, SnoN2, or control U6 RNAi plasmid together with a GFP expression plasmid were subjected to immunocytochemistry with an antibody to GFP after 1, 2, or 3 days in vitro (DIV). Representative neurons at DIV3 are shown along with magnified images of the axon shaft. Arrowheads, arrows, and asterisks indicate axons, dendrites, and cell bodies, respectively. Scale bars represent 50 mm. For additional images, see Figure S1A . ( Figures 1J and 1K and Figure S1C ) suggesting that SnoN1 RNAi suppresses the SnoN2 RNAi-induced branching phenotype. Although the combined knockdown of SnoN1 and SnoN2 also reduced axon length ( Figures S1C and S1D) , suppression of axon branching occurred at a faster pace than the reduction of axon length (see right panel in Figure 1K and Figure S1D ). In addition, branching was suppressed in the subpopulation of SnoN1, SnoN2 double knockdown neurons that harbor short axons as effectively as in those with long axons ( Figure S1G ). These data suggest that the ability of SnoN1 RNAi to suppress SnoN2 RNAi-induced axon branching is not due to the reduction in axon length. SnoN2 knockdown but not SnoN1 knockdown also stimulated branching of dendrites without changing dendrite length (Figures S1J-S1L) and SnoN1 RNAi suppressed the SnoN2 RNAi-induced dendrite-branching phenotype without reducing dendrite length ( Figures S1M and S1N ). These data further support the conclusion that SnoN1 RNAi suppresses SnoN2 knockdown-induced neuronal branching independently of reducing process length. Collectively, our findings suggest that SnoN1 and SnoN2 exert opposing effects on neuronal branching.
SnoN2 Promotes Neuronal Migration in the Cerebellar Cortex In Vivo
Growing evidence suggests that impaired neuronal migration in vivo is often associated with increased branching in primary neurons (Bielas et al., 2007; Guerrier et al., 2009; Kappeler et al., 2006; Nagano et al., 2004) . We therefore explored whether SnoN1 and SnoN2 might have isoform-specific functions in the control of granule neuron migration and positioning in the cerebellar cortex. We used an in vivo electroporation method in postnatal rat pups to characterize neuronal migration and positioning within the developing rat cerebellar cortex . Because the electroporation procedure targets cells in the EGL (data not shown), all transfected neurons are granule neurons. We injected rat pups at postnatal day 3 (P3) with a plasmid encoding the U6 promoter and cmv-driven green fluorescent protein (U6-cmvGFP) and returned pups to moms ( Figure 2A ). Animals were then sacrificed 3, 5, or 7 days after electroporation and coronal sections of the cerebellar cortex were subjected to immunohistochemistry with the GFP antibody. These analyses revealed transfected granule neurons at distinct stages of development beginning with their appearance in the EGL at P6 and their subsequent positioning in the IGL observed at P8 and P10 (Figures 2A and 2B ). We next electroporated P3 rat pups with a SnoN2 RNAi plasmid that also expressed GFP or the corresponding control U6-cmvGFP RNAi plasmid ( Figure 2C ). We quantified the effect of SnoN2 RNAi on neuronal migration by counting the number of GFP-positive granule neurons in the different layers of the cerebellar cortex. SnoN2 knockdown substantially increased the proportion of GFP-positive granule neurons in the EGL and molecular layer and reduced the number of neurons that reach the IGL in P8 rat pups ( Figure 2D ). SnoN2 knockdown also induced the formation of ectopic protrusions in parallel fibers and within somatic processes of granule neurons in the molecular and Purkinje cell layers ( Figure S2A ). Although the branching phenotype was more subtle in SnoN2 knockdown animals than in primary neurons, the in vivo phenotype was consistent and reproducible. Importantly, expression of the RNAi-resistant rescue form of SnoN2 (SnoN2-RES) in rat pups reversed the SnoN2 RNAi-induced phenotypes of impaired migration and ectopic protrusions in the cerebellar cortex (Figures 2E and 2F and Figures S2B and S2C) . The SnoN2 knockdown-induced impairment of granule neuron migration was sustained in rat pups at P12 ( Figures S2D and S2E ). These results suggest that SnoN2 plays a critical role in promoting the migration of granule neurons to the IGL in the cerebellar cortex in vivo.
In contrast to the inhibition of granule neuron migration in SnoN2 knockdown animals, knockdown of SnoN1 or the combined knockdown of SnoN1 and SnoN2 with pan-SnoN RNAi had little inhibitory effect on the migration of granule neurons from the EGL to the IGL ( Figures 2G and 2H ). These results suggest that SnoN1 knockdown suppresses the SnoN2 knockdown-induced phenotype. Notably, parallel fiber axons were significantly impaired upon pan-SnoN knockdown, but knockdown of SnoN1 or SnoN2 had a reduced or little effect, respectively, on parallel fiber formation ( Figure S2F ; Stegmü ller et al., 2006) , consistent with redundant roles of SnoN1 and SnoN2 in axon growth in primary neurons. In control experiments in which the bromodeoxyuridine derivative EdU was injected in rat pups 24 hr after electroporation, SnoN1 knockdown and SnoN2 knockdown had little or no effect on the proliferation of granule cell precursors in the cerebellar cortex in vivo (Figures S2G and S2H) . SnoN knockdown does not affect expression of the granule marker MEF2A in vivo (Stegmü ller et al., 2006) . Together, these data suggest that SnoN1 and SnoN2 have antagonistic functions in the control of neuronal branching and granule neuron migration.
SnoN1 Is Required for Neuronal Positioning in the Cerebellar Cortex In Vivo
In view of the opposing roles of SnoN1 and SnoN2 in granule neuron migration in vivo, we reasoned that inhibition of SnoN1 on its own might trigger excessive migration of granule neurons in the cerebellar cortex. Analyses of neuronal positioning in rat pups 9 days after electroporation at P12 uncovered a dramatic difference in neuronal positioning in SnoN1 knockdown animals ( Figure 3A ). In control-transfected rat pups, granule neurons were distributed throughout the IGL ( Figure 3A ). By contrast, granule neurons in SnoN1 knockdown animals were predominantly aligned at the bottom of the IGL ( Figure 3A) . To quantify the effect of SnoN1 knockdown on positioning, we stratified the IGL into three domains-upper, middle, and lower-and measured the number of GFP-positive cells in each domain. In control animals, more than two-thirds of the granule neurons were in the upper and middle domains of the IGL and nearly a third were in the lower IGL domain ( Figure 3B ). However, nearly two-thirds of the granule neurons in SnoN1 knockdown animals were in the lower domain of the IGL and the remainder were in the middle and upper IGL domains ( Figure 3B ). Thus, SnoN1 knockdown induced excessive migration of granule neurons within the IGL increasing the proportion of neurons in the lower IGL by more than 2-fold ( Figure 3B ). These findings suggest that SnoN1 is required for proper granule neuron positioning in the cerebellar cortex. (A) Schematic of in vivo electroporation and development of the cerebellar cortex. Rat pups were electroporated at postnatal day 3 (P3) with a U6 control plasmid that also expressed GFP (U6-cmvGFP). Pups were returned to moms and sacrificed on various days after electroporation. The inset contains an illustration of granule neuron development (Ramon y Cajal, 1911) . (B) Rat pups electroporated at P3 with the control U6-cmvGFP plasmid were returned to moms and sacrificed 3, 5, and 7 days after electroporation at P6, P8, and P10, respectively. Shown are representative images of coronal sections subjected to immunohistochemistry with the GFP antibody. Scale bar represents 50 mm.
(C) Rat pups electroporated with a SnoN2 RNAi plasmid that also encodes GFP (U6/snoN2-cmvGFP) or the corresponding control U6-cmvGFP RNAi plasmid were sacrificed 5 days after electroporation and cerebella were subjected to immunohistochemistry with the GFP antibody. Scale bar represents 50 mm.
(D) SnoN2 RNAi significantly increased the number of granule neurons in the EGL/ML (p < 0.005, ANOVA) and concomitantly reduced the proportion of granule neurons in the IGL (p < 0.0005, ANOVA). The number of animals in each condition is indicated. A total of 18,465 neurons was counted. Data are presented as mean + SEM. (E) Rat pups electroporated at P3 with the U6/snoN2-cmvGFP or corresponding control U6-cmvGFP RNAi plasmid together with a plasmid encoding RNAiresistant SnoN2 (SnoN2-RES) or its control vector were sacrificed at P8 and cerebella were analyzed as in (C). Scale bar represents 50 mm.
(F) SnoN2 knockdown significantly increased the proportion of neurons in the EGL/ML (p < 0.0005, ANOVA) and expression of SnoN2-RES significantly reduced the proportion of neurons in the EGL/ML in the presence of SnoN2 knockdown (p < 0.005, ANOVA). The number of animals in each condition is indicated. A total of 2,586 neurons was counted. Data are presented as mean + SEM.
We next determined whether the SnoN1 RNAi-induced effect on neuronal positioning in the cerebellar cortex is the result of specific knockdown of SnoN1. To rescue the SnoN1 RNAiinduced phenotype, we used an expression plasmid encoding human SnoN1 (SnoN1-RES), which contains five nucleotide mismatches in the region targeted by SnoN1 shRNAs. We confirmed that SnoN1 RNAi induced knockdown of SnoN1 encoded by wild-type cDNA but not human cDNA (SnoN1-RES) ( Figure S3A ). Importantly, expression of SnoN1-RES in the background of SnoN1 RNAi in postnatal rat pups almost completely reversed the effect of SnoN1 RNAi on the positioning of granule neurons within the IGL in vivo ( Figures 3C and 3D) . Expression of SnoN1-RES on its own in the absence of SnoN1 RNAi had little or no effect on granule neuron positioning in the IGL in vivo (G) Rat pups were electroporated with plasmids encoding the SnoN2, SnoN1, pan-SnoN shRNA SnoN RNAi, or corresponding control U6-cmvGFP RNAi plasmid. Scale bar represents 50 mm. (H) Migration of granule neurons from the EGL/ML to the IGL was significantly impaired in SnoN2 knockdown animals (p < 0.0005, ANOVA), whereas animals with knockdown of SnoN1 alone (SnoN1 RNAi) or knockdown of both SnoN1 and SnoN2 (SnoN RNAi) did not exhibit a robust migration defect. The number of animals in each condition is indicated. A total of 7,171 neurons was counted. Data are presented as mean + SEM. (C) Quantitative RT-PCR on RNA extracted from granule neurons transfected with the SnoN1 RNAi plasmid or the control U6 RNAi plasmid. The levels of DCX mRNA were normalized relative to GAPDH mRNA levels in each sample and the fold change in DCX mRNA levels was quantified. SnoN1 knockdown led to a 2.5-fold increase in DCX mRNA levels (p < 0.05, t test, n = 3). Data are presented as mean + SEM. (D) ChIP analysis of granule neuron lysates by using the SnoN or IgG antibody. Quantitative PCR (qPCR) was performed by using primers designed to encompass the putative FOXO binding site on the intronic DCX silencing region or the control b-actin gene. SnoN occupancy at the DCX gene was significant relative to the control gene (p < 0.05, t test, n = 3). For additional controls for the SnoN antibody, see Figures S4C-S4E . Data are presented as mean + SEM. (E) Rat pups electroporated in vivo with expression plasmids encoding GFP and DCX RNAi, SnoN1 RNAi, the combination of DCX RNAi and SnoN1 RNAi, or the control U6-cmvGFP and psiSTRIKE-scramble-cmvGFP plasmids were sacrificed 9 days after electroporation and cerebella were subjected to immunohistochemistry with the GFP (green) and calbindin antibody (red). Scale bar represents 50 mm.
( Figure S3B ). Together, these results indicate that the SnoN1 RNAi-induced neuronal positioning phenotype is the result of specific knockdown of SnoN1 in the cerebellar cortex in vivo.
The X-Linked Lissencephaly Gene DCX Is a Repressed Target of SnoN1 The identification of opposing functions of the SnoN isoforms in neuronal branching and positioning led us to the question of the mechanism underlying SnoN isoform-specific functions in neurons. Because SnoN1 and SnoN2 are transcriptional regulators, we reasoned that a target gene may mediate biological responses in an isoform-specific manner. Because the X-linked lissencephaly protein doublecortin (DCX) controls both neuronal migration and branching (Bielas et al., 2007; Kappeler et al., 2006) we asked whether DCX might operate downstream of the SnoN isoforms in neurons.
DCX levels declined with neuronal maturation both in primary granule neurons and in the cerebellum ( Figure 4A ) suggesting that expression of DCX is developmentally regulated. Upon knockdown of SnoN isoforms in granule neurons, DCX protein and mRNA levels were elevated in SnoN1 knockdown but not SnoN2 knockdown neurons ( Figures 4B and 4C and data not shown). Chromatin immunoprecipitation (ChIP) assays revealed that endogenous SnoN occupied the endogenous DCX gene in granule neurons ( Figure 4D ). Together, these results suggest that DCX represents a directly repressed target gene of SnoN1 in neurons.
Because DCX promotes neuronal migration and SnoN1 represses DCX expression, we asked whether inhibition of DCX might suppress the SnoN1 knockdown-induced neuronal positioning phenotype in the cerebellar cortex. DCX knockdown on its own in rat pups led to the accumulation of granule neurons in the upper IGL and reduced the proportion of granule neurons in the lower IGL ( Figures 4E and 4F) suggesting that DCX plays a critical role in promoting granule neuron migration within the IGL. In epistasis analyses, we found that while SnoN1 knockdown increased the proportion of granule neurons in the lower domain of the IGL, the phenotype in animals in which DCX knockdown was induced in the background of SnoN1 knockdown was nearly indistinguishable from the positioning phenotype induced by DCX knockdown alone ( Figures 4E and 4F) . These results suggest that DCX knockdown suppresses the SnoN1 knockdown-induced neuronal positioning phenotype in vivo. In other experiments, DCX overexpression mimicked the ability of SnoN1 knockdown in completely suppressing the SnoN2 knockdown-induced branching phenotype in primary granule neurons (Figures 4G and 4H and Figure S4A ). Collectively, these data suggest that repression of DCX expression mediates SnoN1's function to coordinately regulate neuronal branching and migration.
FOXO1 and SnoN1 Form a Complex that Represses DCX Expression and Thereby Controls Neuronal Positioning
As a transcriptional corepressor, SnoN function is contingent upon its association with DNA-binding transcription factors. SnoN forms a complex with the transcription factor Smad2 and thereby represses Smad-dependent transcription in proliferating cells (He et al., 2003; Stroschein et al., 1999) . However, knockdown of Smad2 surprisingly failed to alter levels of endogenous DCX expression in granule neurons ( Figure S5A ) suggesting that SnoN1 might repress DCX in a Smad-independent manner. Interrogation of the regulatory sequences within the DCX gene revealed an evolutionarily conserved FOXO binding site within a reported DCX gene-silencing region in the first intron of the DCX gene (Karl et al., 2005) . We asked whether SnoN1 might operate in concert with a FOXO family protein and thereby repress DCX transcription.
We found that exogenous FOXO1 associated with endogenous SnoN1 in transfected 293T cells ( Figure 5A ). In addition, endogenous FOXO1 interacted with endogenous SnoN1 in primary granule neurons ( Figure 5B ). These results suggest that SnoN1 forms a physical complex with FOXO1. Expression of SnoN1, but not SnoN2, significantly reduced the ability of FOXO1 to induce the expression of a FOXO-responsive luciferase reporter gene in cells ( Figure S5B ). These data suggest that SnoN1 represses FOXO1-dependent transcription.
Consistent with the hypothesis that FOXO1 might repress DCX transcription in neurons, DCX protein levels declined in granule neurons over time with maturation, which correlated with a corresponding increase in FOXO1 protein levels ( Figure 5C ). We next determined the role of endogenous FOXO1 in the control of endogenous DCX expression. FOXO RNAi reduced the levels of endogenous FOXO1 in neurons ( Figure 5D ). Importantly, FOXO RNAi triggered a marked increase in endogenous DCX protein and mRNA levels ( Figures 5E and 5F ) suggesting that FOXO RNAi leads to derepression of DCX gene expression. ChIP analyses revealed that, like SnoN1, FOXO1 also occupied the endogenous DCX promoter in granule neurons ( Figure 5G ). Electrophoretic mobility shift assays revealed that recombinant FOXO1 robustly binds the putative FOXO binding sequence (F) DCX knockdown significantly increased the number of granule neurons in the upper IGL (p < 0.05, ANOVA) and reduced the number of granule neurons in the middle and lower domains of the IGL (p < 0.0005, ANOVA). SnoN1 knockdown alone increased the proportion of neurons in the lower IGL (p < 0.0005, ANOVA). The combination of DCX knockdown and SnoN1 knockdown significantly increased the proportion of neurons in the upper IGL (p < 0.0005, ANOVA) and decreased the number of neurons in the middle (p < 0.005, ANOVA) and lower domains of the IGL (p < 0.05, ANOVA). The number of animals in each condition is indicated. A total of 23,386 neurons was counted. Data are presented as mean + SEM. (G) Granule neurons were transfected with the SnoN2 RNAi plasmid or control U6 RNAi plasmid together with DsRed and the DCX expression plasmid pCAG-DCX-IRES-GFP or its control vector pCAG-IRES-GFP and subjected to immunocytochemistry with the DsRed antibody. Representative neurons are shown along with magnified images of the axon shaft. Arrowheads, arrows, and asterisks indicate axons, dendrites, and cell bodies, respectively. Scale bar represents 50 mm. For additional images, see Figure S4A . (H) DCX expression restored the SnoN2 knockdown-induced increase in axon branching (upper panel: p < 0.0005, ANOVA, n = 3) and number of axon branches per neuron to control vector baseline levels (lower panel: p < 0.005, ANOVA, n = 3). A total of 359 neurons was measured. Increased levels of DCX suppressed the SnoN2 RNAi-induced increase in axon branching. Data are presented as mean + SD. The levels of DCX mRNA were normalized relative to GAPDH mRNA levels in each sample and the fold change in DCX mRNA levels was quantified. FOXO knockdown led to a 6-fold increase in DCX mRNA levels (p < 0.05, t test, n = 3). Data are presented as mean + SEM.
(G) ChIP analysis of granule neuron lysates by using the FOXO1 or IgG antibody, followed by qPCR with primers for the DCX gene as in Figure 4D or the control synaptotagmin gene. FOXO1 occupancy at the DCX gene was significant relative to the control gene (p < 0.05, t test, n = 3). Data are presented as mean + SEM.
within the DCX promoter and mutation of key consensus nucleotides of the FOXO binding motif within the DCX promoter abrogated binding to FOXO1 ( Figure S5C ). Together, these results suggest that FOXO1 directly binds the DCX promoter and represses DCX transcription in neurons. We next determined the role of FOXO1 in mediating isoformspecific functions of SnoN1 in neuronal morphology and positioning. We first assessed whether FOXO1 mimics SnoN1 in antagonizing SnoN2 function in the control of branching in primary granule neurons. FOXO RNAi completely reversed the SnoN2 knockdown-induced increase in axon branching to baseline levels suggesting that FOXO RNAi phenocopies the effect of SnoN1 RNAi in the control of neuronal branching ( Figures 5H and  5I) . We next asked whether FOXO1 controls neuronal positioning within the IGL in the cerebellar cortex in vivo. Remarkably, FOXO RNAi induced excessive migration of granule neurons within the IGL in rat pups analyzed at P12, increasing the proportion of granule neurons within the lower domain of the IGL to more than 70% as compared to 30% in control animals ( Figures 5J  and 5K ). Thus, FOXO RNAi phenocopies the effect of SnoN1 RNAi on neuronal positioning within the IGL. Importantly, the expression of an RNAi-resistant form of FOXO1 (FOXO1-RES) in the background of FOXO RNAi in rat pups reversed the FOXO RNAi-induced neuronal positioning phenotype in the cerebellar cortex ( Figures 5L and 5M ) supporting the conclusion that the FOXO RNAi-induced neuronal positioning phenotype is the result of specific knockdown of FOXO1 in vivo. The combination of SnoN1 RNAi and FOXO RNAi in rat pups did not additively increase the proportion of granule neurons in the deepest region of the IGL ( Figure S5D ) suggesting that SnoN1 and FOXO1 operate in a shared pathway to regulate neuronal positioning in the cerebellar cortex in vivo.
To determine the role of the SnoN1-FOXO1 interaction in the regulation of neuronal positioning in the cerebellar cortex, we performed structure-function analyses. Deletion of the C-terminal domain of SnoN1, which is dispensable for SnoN1's ability to interact with Smad2 (He et al., 2003; Stroschein et al., 1999) , impaired the ability of SnoN1 to associate with FOXO1 ( Figures S5E and S5F) . The SnoN1 mutant protein lacking the C-terminal domain (SnoN1 1-366) failed to repress FOXO1-dependent transcription ( Figure S5G) . Importantly, by contrast to SnoN1-RES, expression of SnoN1 1-366, which is not targeted by SnoN1 RNAi, failed to reverse the SnoN1 RNAi-induced phenotype of excess granule neurons in the deepest region of the IGL in vivo ( Figure S5H ). These results suggest that the C-terminal domain of SnoN1 is required for the formation of a transcriptional repressor complex with FOXO1 and hence for the proper positioning of granule neurons in the developing cerebellar cortex. Collectively, our findings support a model in which SnoN1 and FOXO1 function as components of a transcriptional complex that represses DCX transcription and thereby controls neuronal branching and positioning in the mammalian brain.
SnoN2 Interacts with SnoN1 and Thereby Antagonizes SnoN1 Function
We next determined the molecular basis underlying the antagonism of the SnoN isoforms in the regulation of neuronal branching and migration. We first asked whether SnoN2 and SnoN1 interact with each other. SnoN2 robustly associated with SnoN1 in coimmunoprecipitation analyses ( Figures 6A-6C ). Structure-function analyses revealed that the C-terminal regions containing the coiled-coil domains in both SnoN1 and SnoN2 are required for the SnoN2-SnoN1 interaction ( Figures 6A-6C) . Accordingly, the SnoN1 mutants SnoN1 1-539 and SnoN1 1-477 failed to effectively associate with SnoN2 ( Figure 6B) . Conversely, the SnoN2 mutant SnoN2 1-493 failed to effectively associate with SnoN1 ( Figure 6C ).
We next determined the impact of the SnoN2-SnoN1 interaction on SnoN1 repression of FOXO1-dependent transcription. Expression of SnoN2 antagonized the ability of SnoN1 to repress FOXO1-dependent transcription ( Figure S6A ). In structure-function analyses, SnoN1 1-539 and SnoN1 1-477, which failed to effectively associate with SnoN2, repressed FOXO1-dependent transcription but were refractory to derepression by SnoN2 ( Figure 6D ). Conversely, in contrast to wild-type SnoN2, SnoN2 1-493, which failed to effectively interact with SnoN1, also failed to inhibit the ability of SnoN1 to repress FOXO1-dependent transcription ( Figure 6E ). These results suggest that SnoN2 interacts via its coiled-coil domains with SnoN1 and thereby derepresses the SnoN1-FOXO1 transcriptional repressor complex.
We next assessed the functional relevance of the SnoN2 interaction with SnoN1 on the antagonistic, isoform-specific functions of SnoN2 in the control of neuronal morphology and migration in primary neurons and the cerebellar cortex in vivo.
(H) Granule neurons were transfected with the SnoN2 RNAi, FOXO RNAi, both SnoN2 RNAi and FOXO RNAi, or control U6 RNAi plasmid, together with GFP, and analyzed as in Figure 1C . Representative images of axons in control, SnoN2 knockdown, FOXO knockdown, or double SnoN2 and FOXO knockdown neurons are shown. Scale bar represents 50 mm. (I) Neurons transfected as in (H) were analyzed as in Figures 1D and 1E . FOXO knockdown in the background of SnoN2 RNAi restored both the percentage of neurons bearing exuberant branching (left panel: p < 0.0005, ANOVA, n = 3) and the number of axon branches per neuron (right panel: p < 0.005, ANOVA, n = 3) to control U6 baseline levels. A total of 371 neurons was measured. Data are presented as mean + SD. (J) Rat pups were electroporated in vivo with plasmids encoding FOXO RNAi and GFP (U6/foxo-cmvGFP) or the corresponding control U6-cmvGFP and sacrificed 9 days after electroporation and cerebella were subjected to immunohistochemistry with the GFP antibody. Scale bar represents 50 mm. Remarkably, in structure-function analyses, in contrast to SnoN2-RES, the SnoN2-RES 1-493 mutant failed to rescue the branching phenotype induced by SnoN2 knockdown in primary granule neurons ( Figure 6F ). In addition, in contrast to SnoN2-RES, the SnoN2-RES 1-493 mutant failed to rescue the SnoN2 RNAi-induced migration and branching phenotypes in the cerebellar cortex in rat pups ( Figures 6G and 6H and Figure S6B ). These data suggest that the SnoN2-SnoN1 interaction via their coiled-coil domains plays a critical role in the regulation of neuronal branching and migration. Collectively, our findings suggest SnoN2 interacts with SnoN1 and thereby derepresses the SnoN1-FOXO1 transcriptional repressor complex providing a model whereby the opposing activities of SnoN1 and SnoN2 on neuronal morphology and positioning are mediated via the interaction of the two SnoN isoforms ( Figure 6I ).
DISCUSSION
In this study, we have discovered an isoform-specific SnoN1-FOXO1 transcriptional repressor complex that plays a fundamental role in neuronal positioning in the brain. Specific depletion of the transcriptional regulator SnoN1 or SnoN2 in primary granule neurons and in the rat cerebellar cortex in vivo reveals that the two SnoN isoforms have opposing functions in the control of neuronal branching and migration. Whereas SnoN2 restricts neuronal branching and promotes migration of granule neurons to the IGL in the cerebellar cortex, SnoN1 promotes branching and inhibits the migration of granule neurons within the IGL. We have also uncovered the molecular basis of SnoN isoform-specific functions in neurons. SnoN1 interacts with the transcription factor FOXO1 forming a complex that directly inhibits expression of the lissencephaly gene DCX in neurons. Accordingly, repression of DCX mediates the ability of SnoN1 to control granule neuron position within the IGL. Finally, we have uncovered a mechanism by which SnoN2 antagonizes the functions of SnoN1 in neurons. SnoN2 associates with SnoN1 via a coiled-coil domain interaction and thereby inhibits the ability of SnoN1 to repress FOXO1-dependent transcription. Importantly, the SnoN2-SnoN1 interaction plays a critical role in the regulation of neuronal branching and migration. Collectively, these findings define SnoN1 and FOXO1 as components of a transcriptional complex that directly represses DCX expression and thereby orchestrates neuronal morphology and positioning in the mammalian brain. The identification of the transcriptional regulators SnoN1 and SnoN2 as cell-intrinsic regulators of both neuronal branching and positioning supports the concept that neuronal migration and branching are intimately linked mechanistically. Besides the lissencephaly protein DCX, which associates with microtubules and promotes their stabilization (Gleeson et al., 1999) , the Elongator complex, the slit-robo GTPase-activating protein srGAP2, and the small GTP-binding protein Rnd2 represent regulators of cytoskeletal and membrane dynamics that have been implicated in the coordinate control of branching and cortical migration (Creppe et al., 2009; Guerrier et al., 2009; Heng et al., 2008) . These observations raise the question of whether in addition to controlling DCX transcription the SnoN isoforms might also regulate the expression of other local effectors of neuronal morphology and migration.
Elucidation of SnoN1's isoform-specific function in the control of neuronal position in different domains within the IGL suggests that this major cerebellar cortical layer harbors functionally distinct sublayers. Prior to our study, the molecular basis of granule neuron migration within the IGL remained unknown. Identification of a transcriptional mechanism that is required for proper neuronal positioning within the IGL may provide the basis in future studies for characterization of programs of gene expression that define the distinct domains of the IGL within the cerebellar cortex.The isoform-specific function of SnoN1 and SnoN2 in neurons raises the intriguing question of whether expression of the SnoN isoforms is developmentally regulated. In situ analyses utilizing fluorescent probes specific for SnoN1 were also immunoblotted with the SnoN or Flag antibody. The interaction of exogenous SnoN1 and SnoN2 requires the coiled-coil domains within the C terminus of SnoN2. Asterisk denotes nonspecific band.
(D) C2C12 cells were transfected with a FOXO-responsive reporter gene that contains three copies of the FOXO-responsive element from the IGFBP1 promoter (Tang et al., 1999) and a control renilla reporter gene together with expression plasmids encoding FOXO1, SnoN2, wild-type SnoN1 (WT), the mutant SnoN1 1-539 or SnoN1 1-477, or their control vectors. Firefly luciferase activity was normalized relative to renilla luciferase activity. SnoN2 significantly reduced the ability of wild-type SnoN1 but not the SnoN1 mutants to repress FOXO1-dependent transcription (p < 0.01, ANOVA, n = 6). Data are presented as mean + SEM. (E) C2C12 cells were transfected with the FOXO-responsive reporter gene and control renilla reporter gene together with expression plasmids encoding FOXO1, SnoN1, wild-type SnoN2 (WT), the mutant SnoN2 1-493, or their control vectors. Firefly luciferase activity was normalized relative to renilla luciferase activity. Wild-type SnoN2 but not the SnoN2 mutant significantly reduced the ability of SnoN1 to repress FOXO1-dependent transcription (p < 0.01, ANOVA, n = 5). Data are presented as mean + SEM. (F) Axon branching was quantified in granule neurons transfected with the SnoN2 RNAi or control U6 RNAi plasmid together with GFP and the expression plasmid encoding SnoN2-RES, SnoN2-RES 1-493, or the control vector pcDNA3 and analyzed as in Figures 1C-1E . SnoN2-RES, but not SnoN2-RES 1-493, significantly reduced the percentage of neurons bearing exuberant axon branching (left panel: p < 0.0005, ANOVA, n = 3) and the number of secondary and tertiary axon branches per neuron (right panel: p < 0.0001, ANOVA, n = 3) in the background of SnoN2 RNAi. A total of 358 neurons was measured. Data are presented as mean + SD. (G) Rat pups electroporated at P3 with the U6/snoN2-cmvGFP or corresponding control U6-cmvGFP RNAi plasmid together with a plasmid encoding RNAi-resistant SnoN2 (SnoN2-RES), the SnoN2-RES 1-493 mutant, or control vector were sacrificed at P8 and cerebella were subjected to immunohistochemistry with the GFP antibody. Scale bar represents 50 mm. and SnoN2 in the developing cerebellar cortex revealed differences in their pattern of expression. SnoN1 is expressed in both the EGL and IGL and at relatively low levels in the molecular layer. By contrast, SnoN2 is expressed in the EGL and molecular layer and is found at modestly lower levels in the IGL ( Figure S2I ). The apparent enrichment of SnoN2 in the molecular layer and SnoN1 in the IGL are consistent with the isoform-specific requirement for SnoN2 in granule neuron migration from the EGL to the IGL and for the isoform-specific requirement for SnoN1 in granule neuron positioning in the IGL. Because the antagonism of the two SnoN isoforms requires their physical interaction, lower levels of SnoN1 in the molecular layer may enhance the ability of SnoN2 to antagonize SnoN1 and hence enable the isoform-specific function of SnoN2 in promoting granule neuron migration to become manifest within the molecular layer. Therefore, the protein-protein interaction-dependent mechanism of SnoN2 antagonism of SnoN1 may work hand in hand with the differential expression pattern of the SnoN isoforms to allow isoform-specific functions of SnoN to operate at distinct points in neuronal development. Notably, FOXO1 levels increase with neuronal maturation ( Figure 5C ) suggesting that FOXO1 expression is also regulated during brain development. Together, these observations suggest that after granule neurons differentiate and begin arriving in the IGL, the abundance of the SnoN1-FOXO1 repressor complex may increase correlating with the role of this complex in the control of positioning in maturing neurons.
The identification of an intimate link between SnoN1 and FOXO1 bears significant ramifications for our understanding of the biology of both major families of SnoN and FOXO transcriptional proteins. The FOXO proteins activate or repress transcription (Paik et al., 2007; Ramaswamy et al., 2002; van der Vos and Coffer, 2008) . However, although the mechanisms by which FOXO proteins induce transcription have been intensely studied (Van Der Heide et al., 2004; van der Vos and Coffer, 2008) , the molecular basis of FOXO-dependent repression remained unknown. The finding that SnoN1 serves as a corepressor for FOXO1-regulated transcription illuminates a mechanism by which FOXOs directly repress transcription. Because the FOXO proteins regulate diverse biological processes from cell survival to metabolism to longevity (Accili and Arden, 2004; Salih and Brunet, 2008) , our findings raise the possibility that SnoN1 may play a role in these fundamental biological processes.
Characterization of DCX as a direct target gene of the SnoN1-FOXO1 transcriptional repressor complex highlights the importance of regulation of DCX gene expression in the control of neuronal positioning in brain development and disease. In light of the dramatic consequence of DCX loss-of-function mutations in mental retardation and epilepsy it will be important to determine whether deregulation of SnoN1 and FOXO1 function might contribute to the pathogenesis of neurodevelopmental disorders of cognition and epilepsy. Interestingly, forced expression of DCX in the early postnatal period reduces subcortical band heterotopia and seizure threshold in an animal model of human double cortex syndrome (Manent et al., 2009 ). Therefore, identification of a SnoN1-FOXO1 repressor complex as a regulator of DCX gene expression raises the prospect that manipulation of SnoN1 or FOXO1 function may provide a potential avenue of treatment for developmental disorders of cognition and epilepsy.
EXPERIMENTAL PROCEDURES
Plasmids shRNA plasmids were produced by cloning the following oligonucleotides into pBS/U6 or pBS/U6-cmvGFP (targeted sequence is underlined): SnoN1 RNAi: 5 0 -AACCAGTAGAGAATTATACAGTTGTTAACTATAACTGTATAATTCTCTACT GGTTCTTTTTTG-3 0 and SnoN2 RNAi: 5 0 -AAGGCAGAGACAAATTCATCAAT CCGTTAACAATTGATGAATTTGTCTCTG CCTTCTTTTTTG-3 0 . The pan-SnoN RNAi, FOXO RNAi, and FOXO1-RES expression plasmids have been described (Bernard, 2004; Daitoku et al., 2004; Lehtinen et al., 2006; Sarker et al., 2005; Yuan et al., 2008) . The RNAi-resistant rescue construct (SnoN2-RES) was generated by using QuikChange Site-Directed Mutagenesis (Stratagene) and verified by sequencing. The cDNAs encoding the mutants SnoN1 1-539, SnoN1 1-477, SnoN1 1-366, and SnoN2 1-493 were generated by PCR, subcloned into pcDNA3 or pEGFP-C2 (Clontech), and verified by sequencing.
Primary Neuron Cultures and Transfection
Granule neurons were prepared from postnatal day 6 (P6) Long-Evans rat pups and transfected either 8 hr, 2 days, or 4 days in vitro after plating by using a modified calcium phosphate method as described with indicated plasmids together with either GFP, DsRed, or b-galactosidase expression plasmid to visualize transfected neurons. To rule out the possibility that the effects of RNAi or protein expression on morphology were due to any effect of these manipulations on cell survival, the anti-apoptotic protein Bcl-x L was coexpressed in all neuronal transfections except those in which survival was assessed. The expression of Bcl-x L has little or no effect on axon or dendrite morphology (Gaudilliè re et al., 2004; Konishi et al., 2004) . In additional control experiments, granule neurons were transfected with the SnoN1 RNAi, SnoN2 RNAi, or control U6 RNAi plasmid along with the GFP expression plasmid in the absence of Bcl-x L ( Figures S1H and S1I) . In other control experiments, granule neurons were transfected with the SnoN2 RNAi plasmid or control U6 RNAi plasmid together with DsRed and the DCX expression plasmid pCAG-DCX-IRES-GFP or its control vector pCAG-IRES-GFP in the absence of the Bcl-x L expression plasmid and subjected to immunocytochemistry with the DsRed antibody ( Figure S4B ). For all these RNAi plasmids, the branching phenotypes observed in the presence of Bcl-x L paralleled exactly the branching phenotypes observed in the absence of Bcl-x L (Figures S1H, S1I, and S4B). For high-efficiency transfection of granule neurons we employed a nucleofection method.
Immunoprecipitation and Immunoblotting Analyses
Immunoprecipitation and immunoblotting analyses were performed as described (Kim et al., 2009 ).
In Vivo Electroporation and Immunohistochemistry
In vivo electroporation was performed as described . For more details, please see Supplemental Experimental Procedures.
Chromatin Immunoprecipitation
ChIP was perfomed as described . For more details, please see Supplemental Experimental Procedures.
Analysis of Neuronal Morphology
Axon-and dendrite-length morphometry was done as described (Gaudilliè re et al., 2004; Konishi et al., 2004) . Briefly, images of transfected GFP or DsRed-positive neurons were captured in a blinded manner by using a Nikon Eclipse TE2000 epifluorescence microscope. Length was measured by using SPOT imaging software. The percentage of neurons bearing exuberant axon branching was qualitatively assessed in a blinded manner and is approximated by a cutoff of eight or more secondary axon branches. Axon branching was measured by quantifying the number of secondary, tertiary, and quaternary protrusions emanating from the axon shaft in images of GFP or DsRed-positive neurons.
Statistics
Statistical analyses were done by using Statview 5.0.1 software. Data are presented as the mean + SEM except for analyses of neuronal branching in Figures 1, 4H , 5I, and 6F and Figures S1G-S1I, S1L, S1N, S2C, S4, and S6B where mean + SD is shown. For experiments in which only two groups were analyzed, the t test was used. Pairwise comparisons within multiple groups were done by analysis of variance (ANOVA) followed by the Fisher's PLSD post hoc test.
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